Abstract-Excessive admissions at the emergency department (ED) is a phenomenon very closely linked to the propagation of viruses. It is a cause of overcrowding for EDs and a public health problem. The aim of this work is to give EDs' leaders more time for decision making during this period. Based on the admissions time series associated with specific clinical diagnoses, we will first perform a detrended fluctuation analysis to obtain the corresponding variability time series. Next, we will embed this time series on a manifold to obtain a point cloud representation and use topological data analysis through persistent homology technic to propose two early real-time indicators. One is the early indicator of abnormal arrivals at the ED whereas the second gives the information on the time index of the maximum number of arrivals. The performance of the detectors is parameter dependent and it can evolve each year. That is why we also propose to solve a biobjective optimization problem to track the variations of this parameter.
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I. INTRODUCTION

R
ESPIRATORY diseases strongly impact Emergency Departments (EDs) and paediatric EDs with, in particular, excessive hospital admissions during the period of Influenza activity and Respiratory Syncytial Virus (RSV) circulation [1] - [3] . Even if in France, the ARS's (Regional Health Agency) and the French ministry have worked in the past to define a winter plan for EDs, with more beds, more staff, and subsequent grants for a maximum period of 3 months, this still inevitably causes overcrowding [4] - [6] , and helping EDs to counter this effect is of major interest. To get EDs prepared for seasonal epidemics, queueing modeling [7] , forecasting methods [8] , change point detection [9] or Artificial Neural Network (ANN) methods [10] have been proposed with sometimes a very short time for decision making. Then, giving the ED leaders the most time for decision making is the challenge we aim at tackling in this work. In order to address this challenge, we will use the time series of the patients arriving at the ED and we will focus our analysis and actual testing on the paedriatric ED of Saint Etienne, France. Similarly to change points detection methods [9] , [11] , we have based our work on the estimation of the first time index where variability of ED admissions (here for a specific pathology) substantially changes. Indeed, although the global evolution of the ED admissions could be roughly modeled, the strong and time-varying daily variability prevent this coarse modeling to be efficient for the estimation of early behavioral changes. This time-varying and daily variations are actually a picture of the virus circulation, which is by essence unpredictable. Our main concern will then be the representation and the analysis of daily admissions variability and not the admissions flow. First, we will highlight the variability through a Detrended Fluctuation Fluctuation Analysis (DFA). We will next use Topological Data Analysis (TDA) to have a deep learning of the DFA time-varying variability. TDA has been largely employed [12] , [13] through persistent homology techniques for it reveals intrinsic topologic properties of the process under study. It explains the global form of an manifold embedding of the process. According to our research, some studies have indeed been done on TDA and its variability process, but the coupling of this analysis with the detection of change points seems to be a totally new concept. This paper is organized as follows: in Section II, we will briefly introduce the DFA, and in more detail, the persistent homology. In Section III, we will present the results obtained by the persistent homology when applied to the patients diagnosed with bronchiolitis at the Saint Etienne paediatric ED. An early outbreak detector is proposed in Section IV and its automatic calibration for real-time implementation is then discussed. A conclusion is finally drawn in Section V. 
II. PERSISTENT HOMOLOGY FOR DATA POINT CLOUD
A. Detrended Fluctuation Analysis as a Measure of Variability
We will now focus our study on the RSV epidemic which massively impacts paediatric EDs with excess hospital admissions of patients diagnosed with bronchiolitis. We propose to the reader to refer to Fig. 1 to have an idea of such a behavior. In addition, we note that the development presented thereafter is valid for any time series representative of epidemics.
In order to investigate the variability of the patients' admissions and consequently give information on the underlying epidemic, we proceed with a preliminary processing step, known as Detrended Fluctuation Analysis (DFA). We compute first the timely integrated time series {X t } T t=1 of the admissions as
whereX t is the mean of 
. Applying the DFA method on the admissions time series {X t } 1096 t=1 represented by Fig. 1 , gives the variability time series Fig. 2 . Some striking properties emerge from the analysis of this plot. We observe a clear periodicity in the variability process due to the seasonality of the RSV epidemic but still with unpredictable behavior. It reinforces the intuition that early detection of an admissions can not be done by rough modeling of the admissions flow. Each epidemic period has its own behavior materialized by different time-evolving variabil- ity. As a consequence, it seems natural to assess the problem of epidemic detection by following the disruptions of the timeevolving variability. This corresponds to the use of second order statistical characteristics for change detection as many change detection methods such as CUSUM or the Shewhart chart implicitly do.
Time series analysis has long been used and hundreds of methods have been proposed. One way of dealing with this, is to embed the time series on a manifold [14] with for example Hankel-like embedding [15] . Inspired by [16] , we use a sliding window of size N on the piecewise time series Fig. 3 . On this plot, we have colored four periods to highlight major facts. In particular, the periods from 2014-07-01 to 2014-11-21 and from 2015-01-15 to 2015-07-01 have points with the same behavior. They are concentrated inside a ball and all seem to be nearly equally spaced. This is really interesting because these two periods are associated with weak comings at the ED and there is no RSV epidemic at that time. On the contrary, for the period from 2014-11-21 to 2014-12-05, the points are no more nearly equally spaced but they spread off in the space. This period represents the beginning of the RSV epidemic and corresponds then to abnormally high arrivals at the ED. For the last period, which started at 2014-12-05 and ended at 2015-01-15, some of the points have high coordinates and some are concentrated inside a ball with weak coordinates. This is the period of the decrease of the epidemic and thus it indicates a decrease of the ED admissions. This point cloud representation finally tells everything about the time evolving of the ED admissions. This will be investigated in the rest of the paper by the use of Topological Data Analysis to (i) early detect abnormal arrivals associated with seasonal epidemics and (ii) provide an real-time indicator associated with the maximum number of arrivals; thus giving information about the decrease of the epidemic. The methodology is summarized in the following way:
1) We chose a time window of size L to perform the DFA on the time series of the admissions; 2) We chose next a window of size N to embed the obtained variability time series onto a system of N -coordinates; 3) The time varying point cloud thus obtained is finally analyzed thanks to TDA technique and we propose two indicators for decision making.
B. Homology and Persistent Homology
In this section, we introduce the Topological Data Analysis (TDA) of a point cloud and its application to time series. A point cloud is basically a collection of points in an n-dimensional space with a measure of the distance between them. The term "topological" refers to what remains of a structure when the geometry has changed. It is in a certain way the fundamental description of a geometrical object in terms of loops, holes, voids, etc. A useful example to illustrate the underlying concepts is to consider the case of an elastic circle: one can stretch, shrink, rotate, or deform this circle; it will still result in a circle, assuming that the object is not torn apart, or broken. The fundamental description of a circle in this perspective consists of an object made up of one connected component forming a 1-dimensional hole. Although this description can seems to be straightforward, a rigorous mathematical framework is given in the literature to enable reliable numerical computations. This is the subject of the persistent homology theory. Persistent homology has been applied for time series classification, [17] , image pattern recognition [18] , biology [19] , phylogenetic [20] , science of language [21] and various other fields. To reveal topological features, the data point cloud under study is decomposed with the help of simplices whose forms are illustrated by Fig. 4 . Next, a simplicial complex is obtained thanks to the collection of the simplices. The question of obtaining the simplices is answered in many ways but one of the easiest to compute is the Vietoris-Rips filtration technique. This method consists in fixing a number ρ, and simplices K ρ = (v 1 , . . . , v p ) are formed as soon as || v i − v j ||< ρ, ∀i, j. This operation is reproduced with an increasing ρ until a single simplex containing all the data is reached. This method is briefly illustrated in Fig. 5 .
Once the sequence of simplices is obtained, still remains the topological features to extract. We will not enter into technical considerations in this paper but details can be found in [12] , [13] , and [22] . The basic idea is to define a hole as a collection of simplices which forms a cycle, i.e., a set of simplices which starts and ends at the same point, but with the constraint that it is not the face of any other simplex. In Fig. 5 , the big square-like figure is a hole whereas the triangles are not. During the construction of the Vietoris-Rips filtration, holes will appear and then latter, disappear. This phenomenon is reported in a diagram called persistent diagram. An exemple of such a diagram based on the noisy circle of Fig. 6(a) is provided in Fig. 6(b) . A hole will naturally emerge at an early stage of the Vietoris-Rips filtration. It will survive longer than any other smaller holes that can appear. Regarding Fig. 6(b) , the lonely point (0.15, 1.3) indicates that this major hole was created for ρ = 0.15 and was destroyed for ρ = 1.3. It thus represents a main topological feature. 
III. PERSISTENT HOMOLOGY ON PATIENTS' ADMISSIONS
The following sections are now dedicated to the application of persistent homology on the time series of admissions for patients diagnosed with bronchiolitis.
A. Sequential Persistent Diagram
To track the evolution of an epidemic through the patients' admissions, we successively compute and store the point clouds
, where (x i , y i ) are the coordinates of the i-th point, is computed. The following two indicators
where
are next used to summarize the information carried in the diagram. The indicator Bar max (k) indicates the maximal survival time of a cycle in the diagram D k whereas the indicator PE norm (k) stands for the normalized entropy; some precursor definitions can be found in [23] and [24] . It allows to understand the presence or not of particular structures in the persistent diagram or the point cloud itself. If all the points of one diagram D k represent quite the same survival time, meaning that all the cycles created and destroyed by the filtration have the same survival time, then the persistent entropy will reach its maximum value. This clearly means that the underlying point cloud is uniformly distributed. On the contrary, if the points of a diagram D k have many different survival times, the persistent entropy will reach a small value, meaning that the underlying point cloud has points separated with many different distances. Finally, since from one diagram to another, the number of points N p k can differ, the entropy is normalized by log(N p k ). In this way, the persistent entropy PE max (k) takes its values between 0 and 1 for all persistent diagrams. 
B. Results Analysis
Monitoring the evolution of Bar max (k) and PE norm (k), with k understood as time, yields to an real-time analysis of the patients' admissions time series. This monitoring is for example highlighted thanks to the Fig. 7(a) and Fig. 7(b) . These figures have been computed from the DFA of Fig. 2 . To clearly point out important facts, we have plotted two lines for reference on Fig. 2 , Fig. 7(a) , and Fig. 7(b) . The first one indicates the beginning of an abnormal episode of admissions for bronchiolitis at the ED and the second one materializes the time when the maximum number of admissions has been reached.
The analysis of Fig. 7(a) shows different behaviors for the variability of the patient's flow. This is captured by the evolution of the indicator Bar max (k) which evolves in steps. Each step is associated with an increase in variability of the admissions, whereas the length of the steps is related to the time spent in this variability regime. When the maximum variability is reached, the Bar max (k) indicator is also at its maximum. When the time series of the admissions grows in a brutal way, we see a succession of close steps and the global shape of the Bar max (k) indicator is very steep.
If we now turn to the PE norm (k) indicator, there is evidence that it reaches an extrema when a change of regime occurs. If there is a rise in variability followed by a mitigation, PE norm (k) reaches an extrema that corresponds to this change of level. We can observe from Fig. 7(b) a minimum for the day 2015-01-15. After this day, PE norm (k) increases and we can say that the spread of the epidemic is decreasing. However, one must be careful with the interpretation of PE norm (k), indeed it may not correspond to the day with the greatest number of arrivals but to the day with the greatest variation in variability. Therefore, we assert that the peak of an epidemic is not characterized by a maximum number of cases, but by a maximum of variability. In other words, it is not when the maximum number of admissions is reached that the epidemic is really over, but when its variability begins to decrease. To stress the differences between the two indicators, observe that when the peak of the outbreak has been reached, Bar max (k) remains at its maximum level, whereas PE norm (k) will be rising and thus enable the observer to track the end of the epidemic.
We observed the capacity of both the indicators to reveal useful information on the time series of the admissions with real-time considerations. They can be used obviously for early detect abnormal comings and give real-time information on the future decrease of the admissions. This is dealt with in the next section.
IV. DETECTORS
A. About the Detectors
As explained in the first section, the main parameter of the DFA method is the length L of the non-overlapping segments. In order to illustrate its influence on the Bar max (k) and PE norm (k) indicators we have computed the persistent homology on the variability time series of Fig. 2 with L = 5 and L = 50. The results are given in Fig. 8(a) and Fig. 8(b) for respectively the Bar max (k) and PE norm (k) indicators, with gold standard days plotted again. Obviously, for L = 50 the monitoring of the variability is inefficient. Only one big step is drawn in Fig. 8(a) , meaning that the method is unable to catch the variability in real-time. This inefficiency is less visible on Fig. 8(b) but detection of the maximum of admissions is too optimistic and thus erroneous. Taking a small L value seems to be better. For L = 5 the PE norm (k) indicator is able to estimate the maximum of the admissions time-series with only few error days but the early detection of abnormal arrivals is still wrong due to over sensibility of the monitoring method. In the perspective of automatic detection for an implemented application, this parameter needs to be optimized and updated regularly so. This point is discussed next.
B. Detector Calibration
To pick the best L value, we propose to solve a bi-objective optimization problem, being that the parameter L influences both the early detection of the growing admissions and the precision of the persistent entropy. Two functions have to be minimized: the first one denoted f (L) optimizes the early detection of increasing arrivals whereas the second one, named g(L), optimizes the estimation of the maximum number of arrivals. With the aid of physicians and the analysis of past admissions data, it appeared that the early detection should be given nearly 60 days before the maximum arrivals. Fig. 9 illustrates this biobjective problem. Several approaches have been proposed in the literature to solve it (see for example the discussion in [25] ). Among those cited, we have retained the following method for its simplicity:
r For each year j used for calibration purposes, find the maximum number of arrivals at the ED and then compute αf j (L) + βg j (L) with 0 < α, β < 1 and α + β = 1. The scalar values α and β allow to weigh each criteria for possibly giving more importance to one regarding the other. In order now to find the best L value with this procedure, we used three consecutive years from 2013 to 2016. We have first estimated the three maximum of the admissions time series and then solved the bi-objective optimization with α = 0.6 and β = 0.4, with the intention of giving slightly more importance to the detection of abnormal arrivals than to that of the maximum. As pointed out by Fig. 10(a) , the minimum value of the objective function Obj(L) is reached for L = 24, which is consistant with the typical duration of the observed phenomenon. Owing to this parameter and still having a window size of N = 5, both detections have been added on the plot of Fig. 10(b) . We can clearly see that the detection of abnormal arrivals, the starting of the epidemic, is very early estimated. The detection of the maximum is rather well synchronized with the real value as well. The detector being now calibrated over the three consecutive and past years, we have tested its consistency on a new year. For the year 2016-2017, the results of the real-time detection have been reported on Fig. 11 . At the date of 2016-11-25, abnormal arrivals at the paediatric ED were detected, and the maximum number of arrivals were estimated on the date of 2017-01-15, marking the decrease of the arrivals and consequently, the decrease of the associated epidemic.
C. Comparison With other Methods
To assess the robustness, the accuracy and the early detection capacity of the Bar max (k) indicator, we have benchmarked it with three other cutting-edge methods. The prominent methods commonly used for change detection are the CUSUM and the control (Shewhart) charts methods [26] - [28] . We have chosen to also compare the Bar max (k) detector to the early detector given in [9] for which the detection is based on a local kurtosis measure. The difference between the indicator of [9] and the indicators proposed in this work is in the mathematical approach. In [9] , a periodic model is first used to give an idea of the temporal evolving of the admissions. This rough model can serve as a prediction for the arrivals at the ED. Next, the difference between this model and the real arrivals is analyzed. The characterization of the induced distribution error allows to detect abnormal arrivals via the shape of the distribution. In [9] , the arrivals are then directly used for the early detector whereas in the present work, the variability of the arrivals and the topological information given by its point cloud representation is used. The results are reported in Fig. 12 where the four methods were tested on the same epidemic event.
In view of Fig. 12 , the Bar max (k) indicator performed as well as the CUSUM method for the detection of an early change in the ED admissions. However, many other detections are given by this control method. They are indicated by the red dots on the top plot of Fig. 12 . It appears that the CUSUM method is quite simply too sensitive for the high variations of the admissions' numbers at the ED which renders it when all is said and done, useless for decisional aid. The control (or Shewhart) chart seems to be less sensitive to the high variations, but the first detection of abnormal arrivals is largely delayed and appears lately. In addition, there are still many detections obtained, yielding to the same inefficiency as that of the CUSUM method. The method which could be the most appropriate is the control chart-based method given by the local kurtosis analysis. Indeed, even if the detection comes later than that of the detection of the Bar max (k) indicator, there is one and only one detection. We note furthermore that the local kurtosis method offers the possibility to dispose of and indicator for pointing out the end of an epidemic episode as well. It allows then to give some insights into the evolution of the admissions' outbreak as the couple Bar max (k) and PE norm (k) indicators let do with the best performances.
V. CONCLUSION
To give to the Emergency Department leaders an early decisional aid to manage their departments is essential for financial gain and public health perspectives. We know that excessive admissions in the ED's occur when respiratory-like diseases spread off. The clinical symptoms of such diseases are sometimes well identified. This is particularly the case for the RSV which is associated with bronchiolitis symptoms by pediatricians. An understanding of the epidemic caused by the RSV can be then managed by focusing on the time series of the admissions for bronchiolitis in the paediatric ED's. In this work, we have proposed a new and original real-time method to automatically and (i) very early detect abnormal arrivals in the ED's, which gives the knowledge of the beginning of the associated epidemic and (ii) to precisely estimate the maximum number of arrivals, which gives the knowledge of the decrease of the associated epidemic. We used for that the persistent homology technique on the variability time series obtained by Detrended Fluctuation Analysis (DFA) of the admissions time series for selected symptoms. The optimum choice for the parameter of the DFA is obtained by solving a bi-objective optimization problem. We finally specified that the method proposed in this work will be soon implemented in python language as a decisional aid for the paediatrics ED's of Grenoble and Saint Etienne, France, through the following web application: http://predaflu.chu-st-etienne.fr. We also point out that the method might have numerous other uses in clinics, especially when following quality of work, and even in analytics in certain laboratory tests such as those studying cardiac and nervous functions.
